Introduction
While engineering advances have enabled many breakthroughs in the field of biomedical imaging, novel methods of endoscopic detection and diagnosis are still in great need.
For example, to achieve accurate and early detection of cancer in the digestive tract, it is critical to develop a technique to rapidly visualize morphological changes in optically thick tissue in vivo [1] . In particular, it is useful to obtain vertical cross-sectional images of tissue, comparable to those that are typically used by pathologists for disease diagnosis. One novel optical imaging technique that can be used to achieve optical sectioning in high resolution for this task is dual axes confocal microscopy [1] [2] [3] [4] [5] .
To develop an endomicroscopic system for the dual axes confocal architecture, an actuator that can move a lens or mirror surface in the tissue depth direction (axial or z-axis scanning) at a relatively fast speed is necessary. A large outof-plane displacement of about 500 μm is needed to acquire greater biological details from the cells up to 500 μm below the inner surface of hollow organs [1] . A minimum bandwidth of 10 Hz in the out-of-plane direction is also required to avoid motion artifacts caused by heartbeats, organ peristalsis, and respiratory displacement [1] . In addition, a relatively large static tilt angle can be very useful in guiding tissue biopsy, and also for adjusting for optical misalignments in very small instruments. For endoscope compatibility, the actuator needs to have a footprint less than 5 mm in diameter.
Microelectromechanical systems (MEMS) technology has allowed for rapid development of scanning micro-mirrors for various optical applications. MEMS researchers have achieved very large rotational motion (>30°) about one [6] [7] [8] or two axes [9] [10] , but it is still challenging to produce large vertical translational actuation (>400μm), let alone with additional degrees of freedom. Additionally, many common MEMS transduction mechanisms have intrinsic limitations for the application of vertical cross-sectional imaging using a dual axes confocal endomicroscope. For example, electrostatic actuators have fast scanning speed and low power consumption, but usually their voltage requirement is high (>100 V), which is not desirable for an in vivo imaging device, even when producing small displacements (<100 μm) [6, 11] . Although electromagnetic actuators have produced 9° of angle or more, their out-of-plane displacements are small (<50μm) [12] [13] [14] .Electrothermal actuators can produce large displacements at a low voltage, e.g. 480 μm in the z-axis and 30° about the x and y axes at 8V as reported in [9] , but their high power consumption (>100mW) increases the device temperature (>200°C), which can be undesirable in in vivo endoscopy [15] . Also, their relatively large thermal time constant limits scanning speed.
Piezoelectric actuators can overcome many of the aforementioned limitations of other types of actuators with their low voltage and power requirements, minimal heat dissipation, and large work density. Piezoelectric actuators with the desired degrees-of-freedom have been previously developed, but so far they have been intended for other types of endoscopic imaging and have consequently not targeted sufficiently large vertical translation for dual axes confocal microscopy, although they produced large angular displacements (~10° or even larger than 30°) [7] [8] [17] [18] . In addition, prior works on this class of piezoelectric actuator have only included limited mechanical modeling because either only individual actuation elements were analyzed for design purposes or the actuators have small degrees of freedom.
The three degree-of-freedom microactuator based on thin-film lead-zirconate-titanate (PZT) that is presented in this paper utilizes many of the advantages of piezoelectric materials to produce large enough vertical and angular displacements and high enough bandwidth to support early staging of cancer using a dual axes confocal endomicroscope. Compared to previous work [7] [8] [17] [18] ], PZT's large work density was targeted primarily to generate large out-of-plane displacement by removing the substrate silicon underneath the PZT film using a fabrication process reported in [19] .
Detailed evaluation of such an actuator's mechanical model in this paper is important for understanding non-ideal outcomes after actuator fabrication. Using MEMS fabrication technology, it is very difficult to fabricate actuators such that they generate motions exactly as designed. As will be seen, motion is very sensitive to small perturbations in the dimensions of individual actuation elements in the actuators developed in this work, where large vertical displacement is aggressively sought. In other MEMS applications, robust controllers have been proposed, which are usually implemented on a simplified actuator model to regulate their motion [20] [21] [22] . While a robust controller with a simplified model is sufficient in some cases, there is a nearly direct trade-off between controller performance and the amount of uncertainty in the actuator model.
Modeling of a single beam within the actuation legs in this work has been reported before [23] , while other similar multiaxis microactuators have to date been modeled using lumped parameter and finite element analysis (FEA) for design purposes [9-10, 16, 24] . However, a complete structural model for an actuator with folded leg design to describe large vertical (z-axis) and rotational (about x and y axes) motion including multi-axis coupling effects has not been developed. Furthermore, previously presented models have not accounted for fabrication uncertainties such as residual stress or dimensional variances of the structure. The combination of parameter variation with multiple leg operation will be seen to be important for understanding the actuators' displacements.
In this paper, in addition to the design and performance of the proposed actuator, a modeling technique that incorporates the effects of residual stress and dimensional variation of the structures from static motion measurements is introduced. The concept of this modeling technique can be also applied to other common types of MEMS actuators to obtain a more accurate analytic model. The approach to actuator design, testing, and model refinement is presented in figure 2 .
Among MEMS devices, the most similar prior study to this present model identification quantified the effects of unknown factors existing in fabricated pressure sensor test structures, where measurements of dynamic behavior of the system were used in conjunction with an FEA model to find effective system parameters [25] .
Actuator design and static modeling

Actuator geometry and working principle
As shown in figure 1 , the multi-axis actuator is designed to have a central scanning stage, on which a scanning mirror or lens may be incorporated. Each corner of the stage is supported by a leg, which consists of four symmetric PZT unimorphs connected in a serpentine pattern. Each four-unimorph leg produces out-of-plane motion and can be actuated independently from the other legs, which allows the stage to have motion in three directions. When all four legs or two diagonal legs are actuated, the stage moves vertically (z direction). When two adjacent legs are actuated, the stage tilts about the x-axis (θ direction) or about the y-axis (ϕ direction). Because thin-film piezoelectrics operate in contraction except for a small range of negative voltages and are sensitive to re-poling if voltage directions are reversed, tilting motion using differential voltages between pairs of legs is not generally advantageous.
Showing one of the four unimorphs of a leg, figure 3 illustrates the working principle of the actuator. The active layer of the unimorph is made of thin-film PZT. In this design, where the unimorph beam is partially coated with gold, the contraction of the PZT film in its length direction is used to produce a vertical stroke when an electric field is applied across the PZT film. The presence of the additional gold layer shifts the neutral bending axis to above the mid-plane of the PZT layer, whereas without the gold layer the mid-plane of the PZT layer is below the neutral axis, causing the full beam to bend in an S-shape.
To increase the displacement, four symmetric beams are arranged in series, forming a folded-leg geometry. An even number of beams has been used to eliminate possible lateral shift (in the x-y plane) or bending (about the x-axis) of the stage in the existence of residual stress because some lateral motion is generated at the tip of each beam. The presence of the bottom SiO 2 layer-the buried SiO 2 layer of a silicon-oninsulator (SOI) wafer-in figure 3 is due to a limitation of the current fabrication process, where the silicon layer underneath the PZT is removed in the last step. However, this process allows the legs to have greater compliance and thus robustness during fabrication, compared to etching the buried SiO 2 and silicon layers underneath the PZT by a backside etch before releasing the device.
Static modeling for design
In order to achieve the required performance of the actuator in the limited footprint available, design trade-offs were identified, initially through a static model of the stage described in this section.
Modeling of thin-film PZT unimorph.
First, the deflection of Beam 1, the furthest beam from the stage in a given leg as labelled in figure 1, has been analyzed as shown in figure 4 . The figure shows an external force (F), bending moment (M), and torsion (T) acting on the beam, which were assumed to have effect at its tip, as well as bending moments generated by PZT contraction (M UP , M DN ) and residual stress (M R,UP , M R,DN ) on each segment. Compressive residual stress is developed during the fabrication process as the films are sputtered or evaporated and the actuator undergoes different high temperature processes.
The actuation moment from the PZT film is generated as the force produced from the contraction of PZT does not act on the neutral bending axis of each segment of the beam. One way to approximate the PZT's compressive stress is to use the effective electro-active piezoelectric strain coefficient (d 31,eff ), as follows [23] : produced by the PZT film on each segment. The moment causes respective segments of the beam to bend upwards, and downwards, as described by the following equations.
where t PZT , A PZT , z PZT are the thickness, cross-sectional area, and midline of the PZT layer, respectively. V is the applied voltage across the PZT layer (E 3 =V/t PZT ), and z UP and z DN are the neutral axes of the respective composite segment.
Now the moment at a position y along the composite beam shown in figure 4 can be expressed as the sum of all the internal and external moments, with the zero reference for the y coordinate being the fixed end:
where L UP and L DN are the lengths of the portion of the beam without and with the additional gold layer, respectively. Meanwhile, the torsional displacement at the tip of the beam, ϕ L , due to the torsion, T, at its tip can be expressed as follows:
where (GJ) comp is the beam's torsional rigidity. The moment expressions in equation (2.4) can be integrated and combined with equation (2.5) to obtain the twisting and tilting angle (or slope) and deflection of a single beam at the tip, given an initial tilting angle, ϕ 0 , slope, θ 0 , and beam deflection, z 0 as follows:
In equation (2.6), ̃ S ext corresponds to a compliance matrix for the composite beam; S int , a force-mapping matrix relating the input voltage to the tip displacements; ∼ P, a geometric mapping accounting for the contribution of its boundary (initial) positions to the tip of the beam; ͠ R, mapping from residual stress to beam displacements. Each matrix is defined in Appendix A.
Modeling of PZT bending leg.
Each leg consists of four bending beams connected by silicon links (also referred to as torsional beams) in a zigzag manner as shown in figure 5 . When all external forces, torsions, and moments acting on a leg can be expressed as one effective force, torsion, and moment at its tip, one can calculate the effect of the external loading at the tip on each beam within the leg. It is assumed that the three silicon links between the unimorphs can be only twisted because of their high flexural rigidity (i.e. no bending due to a force or moment). Then, since the displacement of a single beam is expressed in terms of the contributions of external forces, piezoelectric force, boundary positions, and residual stress in equation (2.6), the displacement of a full leg can be obtained by summing the displacement of each beam. The residual moment on each segment is allowed to be different from one another because when the sample actuators were fabricated the deflection of each segment was observed to be different, despite the footprint of the actuator being small.
Assuming perfect geometrical symmetry and homogeneous material properties among the four beams, the actuation moment terms become identical (i.e.
. By calculating the effects of the force, moment, and torsion at the tip of the leg on each beam and adding the displacements of all the beams together, the tip position of the leg can be written as follows: 
Torsional beam
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Modeling of stage motion.
To describe overall stage motion now that the equation for leg displacements have been obtained, the forces and moments acting on the stage as well as reaction forces, moments, and torsions between the stage and each leg need to be identified. In figure 6 , which shows the free body diagram of the stage, the reaction force, moment, and torsion for each leg are represented as a vector, F i (the subscript i = A, B, C, D indicates each leg), and the gravity force is denoted by W. In the figure, the directions of the reaction moment and torsion acting on each corner are the directions of the negative angles, opposite to the directions defined in figure 7 , because the counterpart moment and torsion are defined to act on each leg in the positive angle directions. It is assumed that residual stresses on the stage only affect its initial deflections in two directions and that the effects of the residual stresses can be expressed using effective moments, M, R,θ and M R,ϕ . Then, the equation of motion for the stage can be written as the following. Since the legs and the stage are connected, there exist physical constraints between the position of the stage and that of the tip of each leg such that:
As mentioned earlier, residual stresses on the stage also affect the legs' initial displacements, and they are accounted for by the last two terms in equation (2.9). The matrices T 2 and T 3 relate the effective residual moments, M, R,θ and M R,ϕ , in the θ and ϕ directions, respectively, to the initial stage deflections (i.e. at 0V). The definitions of T i (i=A, B, C, D), T 2 , T i 3 matrices can be found in Appendix C. Using the expressions for the leg position and physical constraints, i.e. equations (2.7) and (2.9), the reaction forces, moments, and torsions can be solved and written in terms of residual moments, piezoelectric forcing, and importantly the stage position. Next, they can be plugged into the stage's equation of motion, i.e. equation (2.8) , to describe the motion of the center of the stage. Then, the static position of the center of the stage is expressed in terms of the input voltage applied to each leg, effective residual moment, and gravity, as follows.
The derivations and matrices' definitions are included in Appendix C. According to equation (2.10), the initial position of the stage is due to the gravity and residual stresses, and when voltage is applied to each leg its displacements are related to the stiffness of the structure and piezoelectric forcing.
Design trade-off analysis
Design trade-offs between the displacements and natural frequencies of the stage have been studied as some key geometric parameters were varied. The first three plots, (a) -(c), in figure 8 show the influence of the ratio of the length of the downward bending segment to that of the upward bending segment on the displacement and natural frequency in each actuation mode when the total length of the beam is fixed. The results suggest that when 50% of the total beam length is overlaid with gold the displacements are at their maximum. When the coverage is below 50%, the longer the downward bending segment is, the more slope (θ) it produces at its tip, which makes the next beam produce a larger displacement. On the other hand, when the coverage is above 50%, the longer the downward bending segment is, the more it bends downward, ultimately decreasing the total displacement. As the gold coverage increases, it stiffens each beam, increasing the structural natural frequency of the stage. As expected, increase in the total length with a fixed ratio of segment lengths results in increase in the displacement and decrease in the natural frequency.
Based on the results of this design trade-off study, prototype stage designs were chosen to maximize the beam length (i.e. half of the stage length) and to overlay 70% of the beam length in order to achieve a higher bandwidth than for the maximum displacement case, specifically 80 Hz of unloaded natural frequency for a bandwidth of 10 Hz when the stage carries a scanning mirror chip or an acrylic lens with a mass of 0.01g, such as Thorlabs' APL0303-B, as a proof of concept payload.
Fabrication
The prototype actuators were fabricated using a robust fabrication process where silicon structures are completely protected by a layer of SiO 2 so that they can be preserved during the last releasing step of XeF 2 etching as reported in [19] . As a summary of the process steps, narrow (3 μm wide) trenches defining the sidewalls of the silicon structures are firstly etched through the device layer of a SOI wafer (30 μm-2 μm-500 μm layer thicknesses) by deep reactive ion etching (DRIE). A series of deposition of SiO 2 by low pressure chemical vapor deposition (LPCVD) and removal of SiO 2 by chemical mechanical polishing (CMP) and reactive ion etching (RIE) is repeated to reduce the size of the keyholes formed in SiO 2 trenches, while filling the trenches with SiO 2 . At the end of this step, CMP is used again to planarize the top SiO 2 layer to use it as a base layer (0.5 μm) for PZT, as shown in figure 9 (b) .
To create a PZT and metal electrode stack, Ti/Pt (80nm) is firstly sputtered onto the SiO 2 layer for the bottom electrode. A chemical solution process was used to deposit thin-film PZT To both define the actuator structures and create release trenches, a sequence of DRIE, RIE, and DRIE is used to etch the device silicon layer, buried SiO 2 , and handle silicon layer, respectively, as illustrated in figure 9 (d) . Then, the handle silicon layer underneath the actuator structures is etched from the backside of the wafer using DRIE. Lastly, XeF 2 is used to isotropically etch silicon underneath the PZT stack to release the actuator, as represented in figure 9 (e). In this step, the silicon structures encapsulated in a layer of SiO 2 are preserved, which allows a longer etching time to ensure complete release of PZT beams without etching support structures of silicon, and thus increases device yield, compared to an earlier process used [23] . As mentioned earlier, the removal of device layer silicon beneath the bottom electrode layer allows the unimorphs to achieve large bending deflections.
Actuator testing
After fabrication, prototype actuators were tested at different DC voltage levels, and their static and dynamic motion in response to various step voltage inputs was recorded. Applying step voltages from 14V to 2V in 3V-decrement and then from 2V to 14V in 3V-increment, the transient response of the center and four corners of the stage was measured. Before taking each measurement, the step input was applied about five times to allow the piezoelectric behavior of the PZT film to reach its steady state. This step was taken instead of a sustained poling process after observing the breakdown of PZT in other samples at the 15-20 V range. A Tenma's DC Power supply (72-6905) was used to supply step voltages, and a Keyence displacement sensor (LK-G32) to measure the displacement. A sampling cycle of 20 μ sec and a built-in moving average filter were used to capture the transient motion of the stage, and they sufficed to measure the dynamics of the tilted stage. Although the peak time and damping ratio determined from the measurements are slower and higher, respectively, than the actual dynamics due to the implemented filter, it does not affect the measurements of the periods or the steady-state values, and the timing error due to averaging can be calculated. Different combinations of two legs were actuated at the same time to produce motion in each direction, as explained earlier. Table 1 reports the maximum static displacement of one prototype actuator in each actuation mode at 14V, where static displacement was taken from the measurements of the transient response after it reached its steady state. It is noticed that angular displacement in the ϕ direction is smaller than in the θ direction, even though the opposite trend can be expected when the length of the stage is longer than the width if each leg only actuates its associated corner of the stage and provide the same actuation as other legs. However, it was observed that when legs A and B are actuated they also lift up the corners associated with legs C and D.
One experimental data set, out-of-plane actuation with legs A and D actuated, is plotted in figure 10 with the symbol * with deviation over typical 5 repeated tests. Although all the legs are designed to be symmetric and therefore to produce same displacements, they all show different displacements at each voltage. This is caused by non-identical initial deflections of the four legs at 0V due to non-uniform residual stress across the actuator and by different stroke lengths produced among the four legs.
In a second experiment, an actuator with all four legs connected in parallel was driven to 15 V. Its total displacement was measured to be more than 430 μm, and the structural natural frequency to be approximately 200 Hz. This performance is very close to the required z-axis displacement for vertical cross-sectional imaging with a dual axes confocal endomicroscope, although multi-axis operation cannot be performed over the entire range of motion.
Residual stress can change due to environmental factors such as temperature or humidity, affecting the repeatability of the actuator performance. To improve the robustness of the actuator against environmental uncertainties, future work will include developing a closed-loop control strategy.
Device yield was primarily limited by poor adhesion of the gold layer to the piezoelectric legs and/or bond pads in spite of the use of an adhesion layer. In many cases, the delamination of the gold layers of the electrode pads were observed during wire bonding. 
Development of refined model
Model perturbation
If modeling the micro-actuator as designed, assuming perfect symmetry and homogenous material properties across the whole device, then in equation (2.10), which describes the static motion of the stage, the stiffness matrix, K n , becomes a diagonal matrix and V coef_n , the matrix mapping the input voltages to the piezoelectric forcing, has its elements such that each leg produces the same amount of forcing. If using this kind of ideal model, it is not possible to predict non-identical displacements of the four legs such as shown in figure 10 , which is caused most likely by structural asymmetry among the four legs and non-homogenous material properties due to non-uniform residual stresses. With current limitations of MEMS fabrication techniques, however, realizing perfectly symmetrical and homogenous structures is very challenging. The reasons include photolithography mask misalignment and non-uniform etching and deposition. Thus, in an effort to predict experimentally observed behavior of the actuator more accurately, the actuator model developed in Section 2.2.3. was modified to account for the variations in the segment and stage dimensions and film thicknesses as illustrated in figures 11 and 12.
In the perturbed model, the expression for the leg displacements, equation (2.7), can be rewritten as the following equation, which now represents that each leg has different compliance, piezoelectric forcing, and residual moment terms. The superscript i is used to denote each leg, and each matrix is defined in Appendix D.
When including the possible variation in the stage dimensions, equations (2.8) and (2.9) can also be rewritten in the same form as before but with slightly different coefficients. 
The physical constraints expression, equation (2.9), which relates the position of the center of the stage to that of each leg can be also rewritten as follows.
Now following the same steps as in Section 2-that is, calculating the reaction force, moment, and torsion for each leg and plugging them into the equation of motion for the stage-the expression for the dynamic motion of the center of the stage can be obtained, assuming it can be described as a standard 2nd-order mass-spring-damper system:
The damping is assumed to be decoupled, and the gravity and residual stress terms are combined into a constant forcing term. While equations (5.3) and (5.4) incorporate the effects of variations in residual stress and structural dimensions so that they might be able to describe the motion of the prototype actuator more accurately, this system is largely underdetermined.
The two matrix equations describing a three-degree-offreedom system at 6 different voltage levels (0, With knowledge about the physical system, especially fabrication tolerances, however, many of these unknowns can be bounded. For example, during the prototype fabrication sputtered or evaporated films were observed to have variations up to ±20% of the desired thickness. For the dimensional variations from lithography and etching processes, their bounds have been chosen to be up to ±5 μm. Many of the unknowns have their nominal (designed) values and their bounded minimum and maximum values as presented in table 2.
Parameter fitting results
To begin identifying the refined model of a fabricated actuator, the terms related to the residual stresses and initial stage tilting angles can be obtained using the experimentally measured stage displacements at 0V. Then, using experimental static displacements at non-zero voltages and the expressions for the motion of the legs and stage, equations (5.3) This constrained nonlinear optimization problem was solved for the unknowns that can best predict the experimental static behavior of the stage in all three actuation modes simultaneously by sequential quadratic programming. As indicated in table 2, the material and mass properties were not varied. The mass properties were estimated using computer-aided design (CAD) software, and the product of shear modulus and polar moment of inertia, GJ, for each segment was obtained by finite element methods.
To see the effectiveness of modeling the variation, the optimization problem was also solved with different degrees of allowed variation, and the results are presented in table 3. In the table, no variation refers to when all the parameters are assumed to be as designed; beam-wise global, when all the beams are constrained to have same properties so that the unknowns for only one global beam are solved; leg-wise global, when all the legs are constrained to have same properties so that the unknowns for only one global leg are solved; local variation, when each beam has different properties.
As expected, the greater the number of the beams and legs that are allowed to have their own uncertainties, the more accurately the model captures the static motion of the prototype actuator. In the case where each leg is allowed to have its own variation, the reason why as many as 171 optimized variables were not able to produce a smaller error may be attributed to what the model does not account for such as non-uniform d 31,eff coefficient across the device at a fixed voltage (as it can also vary as a function of strain), higher order piezoelectric effects (e.g. electrostriction), non-linear beam bending, and discrepancy in material properties (as deposition process can change mechanical properties of thin-film material).
For visual representation of the results, one set of the results has been plotted in figure 10 with the local variation referred to as a perturbed model and the no variation as a nominal model. Further analysis shows that the variation in the film thicknesses contributes to the asymmetry of the actuator more than the variation in the beam dimensions-that is, the model predicts better with looser bounds on the film thicknesses than with looser bounds on the beam dimensions. Hysteresis behavior of PZT was modeled by allowing the effective electro-active piezoelectric strain coefficient, d 31,eff , to vary as a function of voltage, and the estimated d 31,eff values are plotted in figure 13 .
With the identified parameters of the static model above, a dynamic model can be obtained by simply finding the damping term in equation (5.4) . Assuming a decoupled damping, the damping coefficients that give good agreements with experimental measurements A and B in figure  10 were found by trial and error. Point A refers to the measurements taken at the center of the stage at 11V, and Point B to those at the bottom left corner of the stage at 11V. Table  4 shows some characteristics of filtered transient response of both experimental and simulation results. The moving average filter in the experimental system could reduce observed overshoot by up to about 10 %, and increase the measured peak time and settling time by about 3 msec and 6 msec, respectively. In the experiments, it is observed that the transient response of the legs includes different modes of vibration, resulting in a shorter period when averaged than the period of the response at the center of the stage. Only the first vibration mode was considered because it was fast enough to achieve the bandwidth needed for real-time imaging without any motion artifacts.
In general, the model accounting for parameter variation across the whole device captures the structural dynamic behavior of the center of the stage well, although it predicts the settling time to be faster than experimental results. In estimating the dynamic behavior of the legs, the perturbed model can represent the presence of other excited vibration modes better than the nominal model, although its averaged period is less accurate in comparison with the experimental result.
Conclusions
The design, fabrication, testing, and modeling of a thin-film piezoelectric micro-actuator with three degrees-of-freedom have been discussed. Its serial arrangement of thin-film PZT unimorphs bending in an S-shape allows the actuator to produce large out-of-plane displacement with high speed, which is challenging to achieve using MEMS actuators. A structural model has been developed based on classical beam theory to identify design trade-offs and to select designs such that certain performance specifications can be met. After fabrication using a robust encapsulated siliconon-insulator wafer processing technique, prototype actuators have been characterized; their performance closely approaches that required for z-axis scanning in dual axes confocal endomicroscopy.
Based on the experimental static displacements of the stage at various voltages, a parameter fitting technique was applied to the structural model in order to identify the effects of variation in structural dimensions and residual stress developed during the fabrication process. A reasonable agreement between the experimental and modeling results, both statically and dynamically, showed the effectiveness of the presented system identification method, where a large number of unknown parameters were identified using only a limited number of available measurements. The modeling results also show that non-uniform residual stress and variation in structural dimensions present across the prototype actuator significantly affects the system behavior. By including their effects the model captured the experimental motion of the actuator more accurately. This modeling technique can be used for other flexure-based MEMS devices to refine model accuracy, which will allow for the use of more aggressive control schemes. In future work, after obtaining static and dynamic models by the proposed method, actuators will be assembled into a prototype endomicroscope for imaging tests. To further improve trajectory-following accuracy during scanning, embedded sensing mechanisms will be used with the system model to implement feedback control, possibly with more detailed dynamic modeling of the specifically piezoelectric response through further material characterization.
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Appendix A
Obtained using beam theory, equation (2.6) describes the displacements of a single beam in three direction. The S matrices represent compliance for external and internal loading. ∼ P and ͠ R matrices map initial deflection and effective residual moments to the tip displacements, respectively. DN , the buried SiO 2 layer of a unimorph was treated as a spring in parallel with the PZT-Au stack. 
Appendix C
Equations (2.9) and (5.3) relate the position of the stage to that of each leg from physical constraints. T i and T n i matrices are used to map the position of the center of the stage to that of the end of each leg, and T 2 and T 3 to map the effective residual moments to initial stage bending. 
